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Abstract:   
In this study; iron based powder metal (PM) bushing compacts were sintered via 
medium frequency induction heating system. Iron based powders were mixed with 2 wt.% 
copper (Cu), 0.3 wt.% carbon (C) and 1 wt.% zinc stearat (Zn-st) via V-Type mixer. PM 
compacts were sintered by 2 different sintering processes. One of them was conventional 
sintering method other was medium frequency induction sintering method. In conventional 
sintering process, PM bushing compacts were sintered under inert environmental at 1120
0C 
for 30 minutes. In medium frequency induction sintering process, PM bushing compacts were 
sintered between 30-50 kHz frequency (Medium frequency) at 2 kW, 1120
0C for 1 or 3 
minutes under atmospheric environmental. Mechanical properties, densities and micro 
hardness’ were investigated for all sintered processes. SEM and micro structural images 
were taken from polished broken surface of the sintered PM bushing compacts. 3 minutes 
induction sintered compacts were reached the compressive strength, microhardness and 
density values of the conventional sintered PM bushing compact.   
Keywords:  Induction sintering, Medium frequency, Conventional sintering, Iron based 
powder metal, Bushing. 
 
 
 
1. Introduction 
 
Sintering is a heating process that produces a significant increase in material 
resistance and improves qualifications by attaching the particles to each other [1, 2]. The PM 
process relies on a different philosophical approach to component fabrication than is 
encountered in traditional metalworking [1]. Particularly, the versatility of PM gives 
expanded latitude to the processing of materials as; material chemistry, heat treatment, and 
microstructure are variable, and the distribution of phases and micro constituents is 
controllable [1].  Lower copper and/or carbon including iron based PM compacts are 
generally using in oil pump, gear pump, damper, automotive and strength involved industrial 
application. 
Sintering process is generally conducted in conventional sintering systems. In U. Cavdar et al. /Science of Sintering, 46 (2014) 195-203 
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conventional sintering system, sintering time, temperature and environment are control 
automatically. Additionally, it provides convenient conditions for temperature process after 
sintering by isolating from atmospheric effects and helping to remove zinc stearat. Sintering 
in commonly conducted in party ovens and sTab. ovens [1, 2]. These sintering systems are 
called conventional sintering. 
Sintering of PM iron based compacts in conventional ovens are realized rarely at 
1120
0C temperature and in 30 minutes. Nowadays, novel sintering techniques’ are using 
sintering application for sintered PM compacts quickly, obtained better mechanic properties 
and less porosity of PM compacts. Some of the novel sintering techniques for PM products 
are hot isotactic pressing (HIP), spark plasma sintering (SPS), microwave heating, plasma 
heating, electric discharge heating, laser heating and induction heated sintering [3]. In this 
study medium frequency induction sintering is compared with conventional sintering. One of 
the reasons for using induction sintering to the PM compacts is sintering time. It is nearly 10 
times quicker than conventional sintering process. The other reason is heating process. In 
conventional sintering process PM compacts are heated by heat transfer but in induction 
sintering processes PM compacts are heated by magnetic fields which are passing thought the 
PM compacts and heat transfer together. This makes fast heating of the compacts. 
Induction heating is one of the fastest processes for heating materials. Eddy currents 
generated by low, medium or high frequency alternative current (AC) in a coil surrounding a 
bulb heat the materials. The temperature profile inside the items depends on geometry 
configurations, the coupling of the samples and material properties. Induction power supplies 
as low frequency (less than approximately 1 kHz), medium frequency (1-50 kHz) or high or 
radio frequency (greater than 50 kHz) [4]. 
Eddy currents flow against the electrical resistivity of the metal, generating precise 
and localized heat without any direct contact between the part and the inductor. This heating 
occurs with both magnetic and non-magnetic parts, and is often referred to as the “Joule 
effect”, referring to Joule’s first law – a scientific formula expressing the relationship between 
heat produced by electrical current passed through a conductor. 
Medium frequency induction heated system was used in this study. Medium 
frequency induction generators are generally using fast heating with heat penetration to the 
heart of the object like forging, heating for hot pressing and hot bending.  
The currents of induction coil are traveling through a conductive, but slightly resistive PM 
compact for heating the PM compact. 
In literature review, PM compacts are rarely sintered by high frequency induction 
heated sintering methods [5,6, 8-10] are calling HFIHS. This sintering process is the 
realization of sintering at high frequency while PM compacts are pressing. Different 
frequency sintering operations which used many compounds are carried out [14-26]. The high 
frequency induction heated sintering method, which can fabricate dense materials within 2-5 
minute, has been shown to be effective in achieving target of the HFIHS method [16-26]. The 
difference of this study from the other studies in the literature is the realization of the sintering 
process at a different frequency and sintered PM compacts after pressed. Additionally, 
sintering is executed after the pressing like using in conventional sintering process.  
Some of the induction applications were given as; Wang et. al. reported that alloying 
effects of sintered and induction hardened of the Fe-C-Cu compacts. Santana et. al. reported 
that high frequency induction welding simulation of the ferritic staleness steals.  Kim et al. 
investigated that high frequency induction heated sintered alumina-yttria-zirconia [5] and 
WC-Co [6,9, 25] nano compacts. Yoo et. al. Ni-YSZ [14,21], Dewidar et. al. Cu-Graphite 
[15], Shon et. al TiC [16], TaSi2 [17], MoSi2–SiC–Si3N4 [18], and Al2O3-Al2SiO5 [23], 
Xiaopeng et. al. Ti-Nb-Sn [19] were investigated high frequency induction sintered nano or 
micro compacts. Cavdar and Atik [12,13,28] were reported microstructural of medium 
frequency induction sintered iron or iron based powder compacts. 
 U. Cavdar et al./Science of Sintering, 46 (2014) 195-203 
___________________________________________________________________________ 
 
197
 
The goal of this study was medium frequency induction heated process was sintered 
PM compacts nearly ten times quicker and three times cheaper than conventional sintering 
process. For both sintering process, compressive strength, microhardness and density results 
were nearly same.  
 
 
2. Experimental study 
 
In this study for producing powder metal compacts bushings ASC100.29 powders 
were used. These powders were produced by Hougenes Co. chemical compositions of PM 
compacts are given in Tab. I. All powders were mixed with 0.8 wt. % zinc stearat which was 
used as lubricant during the pressing. Properties of iron and copper powder are size of   45-
106  μm. Powders were mixed for 20 minutes at 25 rpm in V-type mixer to produce a 
homogeneous mixture. The mixed powders were compacted by using uniaxial cold pressing 
at 600 MPa. Iron based powder bushings were produced for automotive industry.  Dimensions 
of green compacts were shown Tab. II. Medium frequency induction heated sintering system 
as shown in Fig. 1.  
 
Tab. I Chemical properties of iron based PM (wt.%) bushing compacts [28]. 
Gender of 
the powder 
Main 
powder 
%C  % Cu  % Zn – St  Flow 
69.02.43  MH80,23  0,25 – 
0,35 
1,80 – 2,20  0,9 – 1,1  38 
 
Tab. II Processing parameters of medium frequency heated sintering and conventional 
sintering of PM bushing compacts. 
Parameter  Applied value for 
induction sintering 
Applied value for 
conventional sintering 
Maximum 
Temperature 
1120 
0C  1120 
0C 
Power capacity   12 kW  20 kW 
Frequency  30 kHz  Unavailable 
Presintering time  Unavailable 15  min.  (900  sec.) 
Duration  500 sec.  30 min. (1800 sec.) 
Heating rate  ~75 
0C/sec. ~25 
0C/min. 
Cooling rate  Naturally  Naturally 
Enviroment  Atmosphere  Argon 
 
Two different type of sintering methods were used in this study. One of them was 
conventional sintering method; other one was medium frequency induction heated sintering 
method. A group of pressed powder metal samples were sintered under inert environmental at 
1120
0C for 30 minutes in a continuously conventional sintering system. The other group was 
sintered under atmospheric environmental with an induction generator which has frequency 
between 30-50 kHz (Medium frequency) at 2 kW, 1120
0C for 3 minutes. Sintering 
temperature of the medium frequency induction system was measured by infrared pyrometer. 
Compact infrared pyrometer of the induction system was measured temperature range of the 
metallic surfaces between 600°C and 1200°C. The error range of the infrared pyrometer was 
±5
0C. Induction systems coil was generated 5-turn coil for PM bushing compact.  Induction 
coil was composed of copper coils which have 8 mm radius. Inner dimension of the copper 
coils were 36 mm and outer diameter of was 52 mm were shown schematically Fig. 2.  
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Fig. 1. Medium frequency induction heated sintering process. 
 
 
A= 35mm, B= 8,5mm, C=16mm, D=8mm, E=14mm, F=36mm, G=2mm, F=∅8mm 
 
Fig. 2. Schematic diagram of apparatus for medium frequency induction heated sintering. 
 
Processing parameters of medium frequency heated sintering and conventional 
sintering of iron based powder metal compacts were shown Tab. II. Sintering stages of the 
both processes were shown flow chart in Tab. IV. 
 
Tab. III Mechanical properties and densities of the PM bushing compacts. 
Sintering  
Type 
Average 
Compressive 
strength 
(N/mm²)* 
Average Break 
Strain [%]* 
Average 
Hardness 
(HV)* 
Average 
density 
(g/cm
3)* 
Conventional 
sintering 
32,6  7,7  250  6,83 
1 min. Med. 
Freq.induction 
sintering 
27,6 6,9  214  6,72 
3 min. Med. 
Freq.induction 
sintering 
33,3  7,9  261  6,85 
•  Error range is between ± 3% . U. Cavdar et al./Science of Sintering, 46 (2014) 195-203 
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Tab. IV Flow chart of all sintering processes.  
 
  The relative density of the sintered compact was measured by the Archimedes 
method. Vickers hardness was measured by performing indentations at a load of 50 g and 
dwell time of 10 sec. using a Future-Tech FM 7000 type vickers hardness equipment. 
  Compression test was performed using Autgraph shimadzu AG-IS 100 kN universal 
testing machine at 5mm/min speed and at room temperature depending ISO 6892 and ISO 
148:1983 for mechanical properties. 
 Morphology  and  microstructure  of  fracture  surfaces of the samples were investigated 
by using JEOL JSM-6060 Scanning Electron Microscope. 
 
 
3. Results and discussion 
 
  In Tab. III, mechanical properties and densities of the medium frequency induction 
sintering and conventional sintering iron based PM bushing compacts were reported. All 
sintering processes were applied 5 different compacts. The results of the experiments were 
given Tab. III. The resuts were average values of the each different compacts.  
The highest compressive strength, % break strain, HV Vickers microhardness, and 
density results were reported in 3 minute medium frequency induction sintered PM bushing 
compacts. All these results were so closed both conventional and 3 minute induction sintering 
proceses as shown Tab. III.  These result were in agreement well with the previous works [12, 
13, 19, 29]. Compared with referans [28, 29], PM bushings densty results were nearly similar. 
This shows that iron based PM bushings were sintered with induction like 3 wt.% copper + 
iron (balance) PM compacts [28, 29]. 
  Cross-section of the PM bushing compacts were gridded, polished and etched (%2 
NH3, %98 Alcohol) before taking microstructure image. Microstructure images of 
conventional sintered PM bushing compact was given in Fig. 3. Microstructure images of 1 
and 3 minute induction sintered PM were given respectively in Fig. 4-5.  
  Three minute medium frequency induction sintered compact microstructure cross-
section image (Fig. 5) was nearly same as conventional sintered microstructure cross-section 
image (Fig. 3). 
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Fig. 3. Microstructure image of 30 minute conventional sintered PM bushing compact. 
 
 
Fig. 4. Microstructure image of 1 minute induction sintered PM bushing compact. 
 
 
                                                          
Fig. 5. Microstructure image of 3 minute induction sintered PM bushing compact. 
 
  SEM images were taking from gridded and polished of the cross-section surface of 
PM bushing compact. SEM images of 1 and 3 minute induction sintered PM were given 
respectively in Fig. 6-7. Magnetic fields were passed through from the PM compacts and they 
were created different microstructure area inside of the PM compact. It has been estimated 
that penetration depth was seen Fig. 6-a (1 minute induction sintered) and Fig. 7-a (3 minute U. Cavdar et al./Science of Sintering, 46 (2014) 195-203 
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induction sintered). The effects of magnetic fields  are clearly seen x2500 zoomed 1 minute 
induction sintered SEM image in Fig. 6-b and x1000 zoomed 3 minute induction sintered 
SEM image in Fig. 7-b. Both of these images were taken from 250µm inside of the exterior 
surface of the PM bushing compact. It can obviously show that PM compacts were headed 
with magnetic fields and convention transfer together. In induction sintering process, 
magnetic fields were passed through nearly 300µm from interior and exterior surface of the 
PM bushing compacts. Because of these magnetic flields almost 600µm of the PM bushing 
compacts’ cross-section heated in a same time. This coused more quicker heating and 
sintering of the PM compacts. 
 
   
a)                                                              b) 
Fig. 6. 1 minute induction sintered SEM image of PM bushing compact which were taken 
from polished surface a) x250 b) x2500.  
  
   
Fig. 7.  1 minute induction sintered SEM image of PM bushing compact which were 
taken from polished surface a) x40 b) x1000.  
 
  In terms of energy consumption, medium frequency induction sintering generator was 
spend less energy than conventional sintering. Conventional sintering prosess was consumed 
82 kw/h (Toz Metal A.Ş.) energy for 1 kg sinter per hour. Also Medium frequency induction 
sintering prosess was consumed 25,49 kw/h [30] energy for 1 kg sinter per hour. 
 
 
4. Conclusions 
 
Iron based PM compacts were generally sintered in 30 minutes with conventional 
ovens. One of the reasons for using induction sintering was PM compacts ware sintered 10 U. Cavdar et al. /Science of Sintering, 46 (2014) 195-203 
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times quicker than conventional sintering. The other reason was heating process. In 
conventional sintering process PM compacts were heated only heat transfer but in induction 
sintering processes PM compacts were heated by magnetic fields which were passing thought 
the PM compacts and heat transfer together as seen Fig. 6-7. This makes faster heated of the 
PM compacts. 
Discussing with the medium frequency induction heated sintering process under 
atmosphere environment and continuously conventional sintered under inert environment of 
iron based PM bushing compacts, results were as fallows; The highest compressive strength, 
% break strain, HV Vickers microhardness, and density results were reported in 3 minute 
medium frequency induction sintered iron based PM bushing compacts and all these results 
were so closed conventional sintered iron based PM bushing compacts as shown Tab. 3. 
Induction sintering process was more faster and more cheaper than conventional sintering 
process for iron based PM bushing compacts.  
In future studies, whether induction coils will optimize for sintering compacts, it can 
be consider that more homogenous compacts will be obtain. If induction sintering system 
adapted continuously, this system can be use in the serial manufacture of PM industry. 
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Садржај: Изолаторски компакти праха метала на бази гвожђа (ПМ) су синтеровани  
путем средње фреквентног индукованог система загревања. Прахови на бази гвожћа 
су мешани са 2 wt.% бакра (Cu), 0,3 wt.% угљеника (C) и 1 wt.% цинк стеарата (Zn-st) 
миксером V-Type. Компакти  ПМ  су  синтеровани  преко 2 различита  процеса 
синтеровања. Један од њих је био конвенционални метод синтеровања а други је био 
средње фреквентни индукциони систем. У конвенционалном синтеровању, испресци су 
синтеровани  у  инертним  условима  на 1120
0C 30 минута.  У  средње  фреквентном 
индукованом процесу синтеровања, испресци су синтеровани на фреквенцији између 
30-50 kHz на 2 kW, 1120
0C 1 или 3 минута у атмосфери ваздуха. Механичка својства, 
густине и микро тврдоћа су испитивани за оба процеса синтеровања. SEM и микро 
структурне  слике  су  рађене  за  полиране  преломе  синтерованих  узорака. 3 минута 
средње фреквентног индукованог синтеровања  су достигли чврстоћу на притисак, 
микротврдоћу и густине узорака конвенционално синтерованих.   
Кључне  речи:  Индукционо  синтеровање,  средње  фреквенције,  конвенционално 
синтеровање, прах метала на бази гвошђа, изолатори. 
 
 
 
 